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Attorney's Docket No. 9052. 1 8 PATRNT 

IN THE UNITED STATES DESIGNATED OFFICE (DO/US) 

In re: Milner et al. Examiner: to be assigned 

Serial No.: to be assigned Group Art Unit: to be assigned 

Filed: concurrently herewith 

For: MANAGEMENT OF MIXED WASTE RESIDUALS 
FROM DECONTAMINATION OF METAL 

Date: August 27, 2001 
FRFJ JMTNARY AMENDMENT 

DO/EO/US 

Commissioner for Patents 
Washington, D.C. 20231 

Sir: 

Prior to the examination of the above application and calculation of claim fees, 
please amend the above-identified application as indicated below. Attached hereto at page 4 
is a marked-up version of the changes made to the specification and claims by the current 
amendment. The marked-up version of the changes is captioned '' Version With Markings 
To Show Changes Made " The changes represent changes to the claims and specification 
from their amended form after the submission of amendments under Article 19 PCT. 




Tn the Specification: 

On page 1 , line 1 , please insert the following: 

Cross-Reference to T?e1rited Application*; 

The present application is a U.S. national phase application of PCT International 
Application No. PCT/GBOO/00685, having an intemational filing date of February 28, 2000 
and claiming priority to United States Application Nos. 60/121,854 filed February 26, 1999 
and 60/122,833 filed March 4, 1999, the disclosures of which are incorporated herein by 
reference in their entirety. The above PCT Intemational Application was published in the 
English language and has Intemational Publication No. WO 00/51 135. 
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Tn the claiinsr 

Please amend the claims as follows: 

3. (Amended) A method according to Claim 1 wherein the calcium hydroxide 
and magnesium containing compound are in the form of Dolomite. 

4. (Amended) A method according to claim 1 wherein the sodium hydroxide is 
additionally used to raise the pH of said resultant solution. 

7. (Amended) A method according to claim 1 wherein caesium removal from the 
resultant solution is effected by addition of nickel hexacyanoferrate. 

9. (Amended) A method according to claim 1 wherein a polymer is added to the 
resultant solution to assist settling of solids. 

1 1 . (Amended) A method according to claim 1 wherein the resultant solution is 
subject to UV oxidation. 

13. (Amended) A method according to Claim 1 wherein the resultant solution is 
subjected to ion exchange to effect caesium removal. 

15. (Amended) A method according to claim 1 wherein the resultant solution is 
subjected to mechanical filtration prior to disposal of the supernatant liquid. 
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REMARKS 



Claims 1-16 are pending in the above application. Claims 3-4, 7, 9, 11, 13, and 15 have 
been amended to better conform to U.S. practice. Applicants respectfully request substantive 
examination on the merits. 
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Version With Markings To Show Changes Made 

3. (Amended) A method according to Claim 1 [ or Claim 2] wherein the 
calcium hydroxide and magnesium containing compound are in the form of Dolomite. 

4. (Amended) A method according to [any of the preceding claims] Claim 1 
wherein the sodium hydroxide is additionally used to raise the pH of said resultant 
solution. 

7. (Amended) A method according to [any of the preceding claims] Claim 1 
wherein caesium removal from the resultant solution is effected by addition of nickel 
hexacyanoferrate, 

9. (Amended) A method according to [any of the preceding claims] Claim 1 
wherein a polymer is added to the resultant solution to assist settling of solids. 

1 1 . (Amended) A method according to [any of the preceding claims] Claim 1 
wherein the resultant solution is subject to UV oxidation. 

13. (Amended) A method according to [any of the preceding claims] Claim 1 
wherein the resultant solution is subjected to ion exchange to effect caesium removal. 



15. (Amended) A method according to [any of the preceding claims] Claim 1 
wherein the resultant solution is subjected to mechanical filtration prior to disposal of 
the supematant liquid. 



wo 00/51135 

TREATMENT OF RADIOACTIVELY CONTAMINATED METALS 
FIELD OF THE INVENTION 

This invention relates to the treatment of radioactively contaminated metals. For 
5 instance the present invention may be applied to the treatment of metal components 
which have been used in the nuclear power industry and have become radioactively 
contaminated. Such components can be cleaned using a combination of physical and 
chemical techniques following which they may be released onto the scrap metal 
market or melted and formed into plate or billets for recycling. 

10 

BACKGROUND OF THE INVENTION 

A chemical decontamination process utilises a series of immersion tanks to remove 
fixed radionuclides from the surface of metal components. Acid solutions contained 
in these immersion tanks dissolve scale, corrosion products and some base metal to 
15 effect removal of svuface contamination. The various metal species and 
radionuclides accimiulate in the immersion tanks and, as a result, performance 
deteriorates and the decontaminant must be changed. 

STATEMENTS OF INVENTION 

20 The present invention provides a flexible, robust decontamination and waste 
treatment process enabling high throughput in a minimal cost operating regime. The 
process of the invention is capable of generating a significant volume of radioactive 
scrap metal (RSM), ranging from PWR Inconel components, which are contaminated 
with activation and fission products, to aluminium components contaminated with 

25 transuranics. 

According to the present invention there is provided a method of treating a 
radioactively contaminated metal object comprising contacting the object with an 
acid solution to cause dissolution of a surface layer of the metal object, and raising 
30 the pH of the resultant solution with calcium hydroxide and a magnesium containing 
compound to cause dissolved metal to separate from the solution in solid form. 
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Preferably the acid is a mixture of nitric and hydrofluoric acids. 

Preferably the calcium hydroxide and magnesium containing compound are provided 
5 in the form of the mineral Dolomite. 

Preferably sodium hydroxide is additionally used to raise the pH of the resultant 
solution. More preferably the sodium hydroxide is added after the calcium hydroxide 
and until the pH is raised to from 9 to 11, more preferably to about 9.5. 

10 

Preferably caesium removal from the resultant solution is effected by addition of 
nickel hexacyanoferrate. It is preferred that the nickel hexacyanoferrate is prepared 
"fresh in situ'\ that is to say immediately or shortly before addition to the resultant 
solution. This avoids degradation of the nickel hexacyanoferrate which decomposes 
15 on storage. 

Preferably, a polymer is then added to assist settling of solids. More preferably, the 
polymer is an anionic polymer. 

20 Preferably the resultant solution is subjected to UV oxidation, more preferably by 
adding sodium hypochlorite and subjecting the solution to UV radiation. 

Preferably the resultant solution is subjected to ion exchange using the material 
clinoptillolite, a natural zeolite, in order to remove caesium not already removed by 
25 the nickel hexacyanoferrate treatment. 

Preferably the resultant solution is subjected to mechanical filtration prior to disposal 
of the supernatant liquid. 
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DETAILED DESCRIPTION OF THE INVENTION 

Figure 1 of the accompanying drawings is a flow diagram of a decontamination 
process in accordance with the present invention. As indicated in Figure 1, the 
process involves various unit operations. The incoming radioactive scrap (RS) is 
5 subjected to segregation and size reduction. It is then sentenced for physical 
chemical decontamination. Processing takes place through the decontamination line 
and a radionuclide contamination survey of the processed metals is carried out. The 
decontaminated metals are sent for recycling, disposal as LLW or sale into the scrap 
market. The spent decontamination liquor is treated and this results in solid/liquid 
10 separation. The process liquors are treated to meet the local sewer discharge limits. 
Process sludges are immobilised for disposal as non-RCRA dry active waste. 

It is of importance in the context of the present invention that the chemical 
decontamination stage or stages provide a safe and cost effective process for the 
15 decontamination of RSM. The chemical decontamination should be capable of 
accepting a wide variation in feedstock and offer a cost saving over direct disposal of 
RSM. There should be produced a minimal volume of non RCRA secondary waste 
and the process liquors should be suitable for discharge to the local sewer. 

20 Preferably the acid solution providing the decontamination of liquor comprises nitric 
and hydrofluoric acids which enable decontamination to be carried out on a varied or 
variable feedstock at high throughput levels. The aggressive nature of the 
nitric/hydrofluoric acid decontamination process requires careful control of the 
process parameters to achieve an optimum surface corrosion rate for a given 

25 substrate. Such optimising has various advantages. Base metal corrosion is kept to a 
minimum. The lifetime of the decontamination tank or tanks is prolonged. Uniform 
surface corrosion takes place without pitting of the base metal. The volumes of 
secondary waste are minimised by avoiding dissolution of uncontaminated base 
metal. There is also an avoidance of uncontrolled dissolution reactions which gives 

30 rise to off gases as the acids break down. 
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In order to achieve the optimal surface corrosion rate for a varied feedstock using a 
single chemical decontaminate, there is required a careful control of the temperature 
of the decontamination tank, the concentrations of the mixed acid treatments 
solution, the agitation and the oxidation potential of the decontaminant, the 
5 concentration of the dissolved metals and radionuclides in the decontamination tanks 
and the sequencing and immersion time in the decontamination tanks. 

As fresh acid solution contacts a contaminated metal surface, dissolution occurs and 
the metal is dissolved in the acid solution. This results in metal loading of the acid 
10 bath. Although the reaction of the acids upon the metal surface is complex and 
involves a number of equilibrium reactions, the dissolution of iron by nitric acid can 
be simplified to the following reaction:- 

Fe^^ + 2HNO3 - Fe(N03)2 + 2H^ and Fe^^ + 2HF = FeF2 + 

15 

Similar reactions take place with other metals such as:- 

Cr^^ + 3HNO3 = Cr(N03)3 + 3H^ 
Fe^"" + 3HNO3 = Fe(N03) + 3H^ 
20 Al^^ +3HF = AIF3 + 3H^ 

Ni^^ + 2HF = NiF2 + 2H^ 

In the case of the dissolution of iron by nitric acid, there is a theoretical requirement 
for two moles of nitric acid to dissolve one mole of iron. However due to passivation 
25 of the metal surface, plate-out, oxidation of iron and the extremely slow dissolution 
rate as the acid is consumed in the dissolution reactions, such metal loading is 
impractical. 

As a first order approximation, the metal dissolution rate of the acids is directly 
30 proportional to the concentration of the acids. Accordingly, for a high throughput of 
metal in the decontamination line, two factors have a significant impact on 
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decontamination performance. First, the overburdening of the acids with dissolved 
metals results in insufficient unreacted acid to achieve significant dissolution of the 
metal substrate. Secondly unreacted acid in the spent liquor has to be neutralised 
during waste treatment and this generates a significant volume of secondary waste. 

5 

Accordingly, the operation of the decontamination process of the present invention 
has involved a balance which has been struck between metal loading of the acids and 
dissolution rates, taking into account the potential for surface pitting and off gas 
production. It is important to minimise the production of off gasses that require 
10 scrubbing, thereby resulting in the generation of a secondary waste form and 
depletion of the acid capacity. This is particularly important when decontaminating 
the more reactive metals such as carbon steel and aluminium. 

In order to obtain the optimisation mentioned above, it is preferred that the process is 
1 5 operated using a plurality of decontamination tanks in a manner referred to as "lag" 
basis. This procedure involves designating the decontamination tanks as low, 
medium and high dissolved metal content, each fulfilling a particular duty within the 
overall decontamination process. The low tank is used for final polishing of the 
decontaminated metal as this tank has the lowest radionuclide inventory and the 
20 highest dissolution kinetics. The high tank is used for initial decontamination where 
the highest levels of radionuclides, associated with the outermost surface, are 
removed. The medium tank is a transitional tank which is additionally used for 
''special" materials, which are substantially different from other materials of the 
feedstock. The use of the medium tank is optional. 

25 

During the process, the tanks are rotated firom low to high based on a predetermined 
dissolved metal and radionuclide inventory. The high tank is taken off line and 
designated as spent once decontamination has become ineffective. In order to 
establish this there is carried out a regular sampling and analysis procedure to 
30 measure and record trends in tank performance. The procedure may be simplified 
with the cost of analysis reduced by using the experience gained firom operating the 
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process to devise a "finger print" which can be used to determine when a tank should 
be reclassified. 

The operational flexibiHty of the chemical decontamination line allows both 
5 decontamination for recategorisation to LLW and also to free release. The economic 
case for free release or recategorisation has to be considered. In the case of a PWR 
primarily loop component which has been exposed to a high temperature, high 
pressure liquid environments generally require the removal of 20 to 30|j.m of 
corrosion film and base metal to achieve recategorisation to LLW. Achieving fi-ee 
10 release levels can require the removal of an additional 150 to 200fj.m of metal. 
Components from fuel cooling pools such as stainless fuel racks can be 
decontaminated to LLW by removing 5 to S]im surface and free release can be 
achieved by removing 15jxm of surface metal. The less demanding metal removal 
could favour firee release. 

15 

The tank lag system allows decontamination to free release to be performed in the 
low activity tank and decontamination for recategorisation to LLW to be performed 
initially in the high and subsequently in the medium activity tank. 

20 An additional advantage of the lag system is the degree of uniformity, in terms of 
dissolved metal and radionuclide content, that is introduced to the spent tank waste 
treatment process. 

The spent acid resulting from the decontamination stage or stages may be subjected 
25 to a number of treatment steps. Treatment of the spent acids produces two waste 
streams. One is an alkaline wastewater which, after final polishing by chelant 
oxidation followed by ion exchange, is discharged to the local sewer. The other is a 
sludge containing the major metal species (iron, chromium, nickel) and radionuclides 
(cobah, cesium) which may be directly solidified by grouting with, for instance, 
30 Portland cement to meet the appropriate waste acceptance criteria. 

6 
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The spent acids from the chemical decontamination process contain a high 
concentration of dissolved metals and radionuclides, as illustrated in the following 
table: 



Contaminant 


Cr 


Ni 


Fe 


Cu 


'^^Co 


134/137^^ 


^^'Am 
''Mn 


Anions 
(nitrate fluoride 
chloride) 


Concentration 


1600 
mg/L 


2000 
mg/L 


12,500 
mg/L 


2000 
mg/L 


80,000 
pCi/L 


3000 
pCi/L 


1000 
pCi/L 


>10% 
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In treating the spent acids solution, the aim is to produce a minimal volume of non- 
RCRA solid waste. Since the composition of the metal component which is treated 
in the chemical decontamination stage affects the ratios of metals in the spent acid, a 
highly flexible approach is required. The waste treatment process may be either a 
10 batch process or a continuous process although reference will be made hereinafter to 
a batch process. 

The waste treatment process may involve various steps as illustrated in Figure 2 of 
the accompanying drawings. As illustrated the spent acids solution is partially 

15 neutralised and conditioned using calcium hydroxide. The pH is then adjusted to a 
value in the range of from 9 to 10 using sodium hydroxide. Flocculation is then 
effected by seeding with inorganic adsorbents causing resultant coprecipitation of 
metals and radionuclides. Polymers are then added to aid gravity settling of solids. 
The solids and liquid are then separated and the solids are subjected to grouting. The 

20 wastewater liquid is then treated by means of UV/sodium hypochlorite to cause 
oxidation of chelate. Finally the waste water is polished by ion exchange using 
clinoptillolite as the resultant liquid is discharged to a local sewer. 

The above described process steps may be performed sequentially over a 24 hour 
25 period and the acid tank, when empt>% is replenished with fresh acid and returned to 
service. The above described treatment process is both robust and simple to operate 
and uses readily available, low cost chemicals and process equipment. 
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Calcium hydroxide is used principally to condition the metal hydroxide floe by 
assisting in the binding of leachable metals, principally chromium. Use of the 
magnesium containing compound improves the removal of hexavalent chromium. 
The calcium fluoride formed in the partial neutralisation forms the body of the floe 
5 and improves sludge settling characteristics. The calcium hydroxide is not used for 
pH control as this may result in the formation of an excessive amount of calcium 
sludge requiring disposal as a secondary waste product. Accordingly pH adjustment 
is carried out using sodium hydroxide, which is highly soluble and results in a sharp 
inflection point in pH, thereby allowing greater process control. The calcium 
10 hydroxide and the sodium hydoxide may be added together or in either order. 

In the case where the acid includes hydrofluoric acid, the calcium from the calcium 
hydroxide forms insoluble calcium fluoride, making downstream processing of the 
supernatant liquid easier since the fluoride has been removed. 

15 

The presence of dissolved iron assists in chromium removal due to the Fe (II)^Fe 
(III) couple ensuring the chromium is present in reduced Cr (III) state. In some cases, 
when the Fe (II)/Cr ratio in the spent acid is less than 4:1 wt/wt, additional ferrous 
iron may be required to reduce chromium to the less soluble form. This can also be 
20 controlled by management of the processing of nickel/chromium alloys and stainless 
or carbon steels in order to supply the appropriate iron ratio needed for chromium 
reduction. 

The above described two-stage neutralisation results in the formation of a floe which 
25 contains virtually all the radionuclide and metal contaminants with the exception of 
cesium which is highly soluble. Typically cesium is removed from the wastewater by . 
means of an ion exchange column. However such an approach has a number of 
disadvantages. The processing is slow due to the slow kinetics of the reactions. The 
highly selective ion exchange media which is required for column use in high salt 
30 streams is expensive. Less selective ion exchange media were rapidly exhausted by 
other metals and radionuclides, producing excessive secondary waste. Pretreatment 
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to remove particulate which has the potential to bind the columns is required and this 
produces an additional waste stream. 

In a preferred method according to the present invention, cesium removal is affected 
5 using nickel hexacyanoferrate (HCF). A solid HCF ion exchanger is added in the 
amount of 300 ppm as a dilute slurry directly into the batch treatment tank once the 
pH has been adjusted. Caesium removal is aided by isotopic dilution by adding 10 
ppm of non-radioactive caesium chloride. Preferably the HCF is used immediately 
after it has been formulated. Lower caesium removal and higher residual nickel 
10 resulted if the HCF is aged. 

The kinetics of the cesium complexation with HCF is very rapid and the complex 
formed is removed from solution by adsorption and agglomeration with the metal 
hydroxide floe. A decontamination factor of 600 has been achieved for cesium and 
15 the supemant liquor was free of all metals except a few ppm of nickel and chromium 
and trace levels of caesium. Final caesium removal was accomplished by adsorption 
on chnoptillolite, a natural zeolite. 

Separation of the floe from the supernatant can be achieved by the use of mechanical 
20 separation devices. However such devices are either costly, generate a secondary 
waste in the form of a filter media or require frequent manual intervention. 
Accordingly it is preferred to make use of gravity settling £ind decanting. In order to 
speed the stages of the process, several hundred ppm of an anionic polymer was 
added to increase the rate of settling and the clarity of the supernatant. More 
25 preferably, the tank content are rotated using a stirrer device. 

After a period of 4 to 8 hours the supernatant from the HCF step was decanted and 
processed through the waste w^ater treatment polishing step. The solution was dosed 
with 0.25 to 0.5% sodium hypochlorite- and treated with UV light to oxidise the 
30 soluble heavy metal complexes (nickel and cobalt-60). Insoluble compounds are 
produced. The treatment time was from 6 to 1 8 hours. The particulate is removed by 
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mechanical filtration by passing the material through a bed of sand and charcoal 
followed by cartridge filters. 

As a result the concentration of heavy metals, primarily nickel, is reduced from 10 to 
5 20 mgL to the reqiiired discharge limit of not greater than 1.5 mg/L. The ^^Co was 
similarly reduced from 20 to 50 pCi/L to the required discharge limit of less than 1 
pCi/L. 

If necessary, further caesium removal may be achieved by mixing the decant liquor 
10 with laimdry water from the final effluent tank. This dilution lowered the 
concentration of nitrate and fluoride salts in the wastewater and improved the 
efficiency of the caesium removal by ion exchange using two columns packed with 
clinoptillolite. The clinoptillolite column had a residence time of 60 to 80 minutes 
and the resulting wastewater met local discharge criteria. The capacity of the ion 
15 exchange column was found to be between 80,000 to 90,000 bed volumes and the 
sand bed filter did not require to be changed out. 

The second waste stream from the WTS comprises the radionuclide and metal 
contaminated sludge from the settling and decanting step. This sludge or metal floe 

20 was directly solidified in a cementicious grout. This was achieved by pumping the 
settled solids from the batch treatment tank into 250 litre (55-gallon) drums. A 
helical drum mixer was used to incorporate 0.75 to 1.0 kg of portland cement per kg 
of sludge. This was accomplished with 20 to 30 minutes mixing and there was only a 
small heat rise during this process. The grout was then pumped from the drums into 

25 moulds that were designed to produce a final waste form meeting local acceptance 
criteria for size requirements for debris. The resulting grouted waste was produced 
with a minimal volume increase of 20%. It was cured overnight with no bleed and 
had a strength of over 345 k Pa (50 psi). 

30 Aspects of the present invention will now be described, by way of illustration only, in 
the following example. 
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A quantity of radioactively contaminated ferrous iron was loaded into a bath contain 
nitric and hydrofluoric acids and the acids were allowed to react with the surface of 
the iron until a desired metal loading in the bath had been achieved. Doiomitic lime 
5 (calcium hydroxide containing magnesium) was added to the bath in the form of a 
water slurry. The bath was then agitated for 30 minutes following which caustic soda 
(sodium hydroxide diluted with water) was added to give a pH in the bath of 9.5, 
The bath was agitated for a further 30 minutes following which caesium removal is 
effected by the addition of nickel hexacyanoferrate (HCF). The HCF was prepared 
10 "fresh in situ'" to avoid degradation in storage, that is to say, it is added to the bath 
immediately after its preparation. 

At this stage an anionic polymer (Nalclear) was added to the bath in order to promote 
the settling of the solids over a period of about 12 hours. The resultant solid sludge 
15 was separated from the supematant and was immobilised in grout. 

The supematant was then treated with sodium hypochlorite which was added 
continuously while the bath was subjected to UV light radiation. At a pH of 9.5 solid 
nickel complexes are formed and removed by mechanical filtration. The pH was 
20 adjusted to 1 L5 in order to remove solid cobalt complexes. 

The resultant liquid may be treated by clinoptillolite ion exchange to remove further 
caesium, following which the liquor may be discharged to a sewer. 

25 
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CLAIMS 

1. A method of treating a radioactively contaminated metal object comprising 
contacting the object with an acid solution to cause dissolution of a surface layer of 

5 the metal object, and raising the pH of the resultant solution with calcium hydroxide 
and a magnesium containing compound to cause dissolved metal to separate from the 
solution in solid form, 

2. A method according to Claim 1 wherein the acid is a mixture of nitric and 
1 0 hydrofluoric acids. 

3. A method according to Claim 1 or Claim 2 wherein the calcium hydroxide 
and magnesium containing compound are in the form of Dolomite. 

15 4. A method according to any of the preceding claims wherein the sodium 
hydroxide is additionally used to raise the pH of said resultant solution. 

5. A. method according to Claim 4 wherein the sodium hydroxide is added after 
the calcium hydroxide and until the pH is raised to from 9 to 11. 

20 

6. A method according to Claim 5 wherein the pH is raised to about 9.5. 

7. A method according to any of the preceding claims wherein caesium removal 
from the resultant solution is effected by addition of nickel hexacyanoferrate. 

25 

8. A method according to Claim 7 wherein the residual hexacyanoferrate is 
prepared shortly before addition to the resultant solution. 

9. A method according to any of the preceding claims wherein a polymer is 
30 added to the resultant solution to assist settling of solids. 
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10. .A method according to claim 9 wherein the polymer is an anionic polymer. 

11. A method according to any of the preceding claims wherein the resultant 
solution is subjected to UV oxidation. 

5 

12. A method accotxiing to Claim 1 1 wherein the UV oxidation is cairi^ out by 
adding sodium hypodilorite and subjecting the solution to UV radiation. 

13. A method according to any of the proieding claims wherein the resultant 
1 0 solution is subjected to ion exchange to efiect caesium removal. 

14. A method according to Claim 13 herein die ion exchange is carried out 
using clinoptillolice. 

15 15. A method according to any of the preceding claims wherein the resultant 
solution is subjected to mechanical filtration prior to disposal of the supernatant 
liquid, 

16 A method according to Claim 1 wherein the acid solution comprises nitric 
20 and hydrofluoric acids and the treatment with calciiun hydroxide and a magnesium 
containing compoimd is followed by addition of nickel hexacyanofeirate and by 
fiuther subjecting the resultant solution to UV oxidation. 

25 
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